A primary role of the prolactin receptor (PRLR) during fetal and postnatal development has been suggested to be the regulation of uncoupling protein (UCP) expression. We, therefore, determined whether: (1) the rate of loss of UCP1 from brown adipose tissue after birth was paralleled by the disappearance of PRLR; and (2) administration of either pituitary extract prolactin (PRL) containing a mixture of posttranslationally modified forms or its pseudophosphorylated form (S179D PRL) improved thermoregulation and UCP1 function over the first week of neonatal life. PRLR abundance was greatest in adipose tissue 6 h after birth before declining up to 30 days of age, a trend mirrored by first a gain and then a loss of UCP1. In contrast, in the liver -which does not possess UCPsa postnatal decline in PRLR was not observed. Administration of PRL resulted in an acute increase in colonic temperature in conjunction with increased plasma concentrations of non-esterified fatty acids and, as a result, the normal postnatal decline in body temperature was delayed. S179D PRL at lower concentrations resulted in a transient rise in colonic temperature at both 2 and 6 days of age. In conclusion, we have demonstrated a close relationship between the ontogeny of UCP1 and the PRLR. Exogenous PRL administration elicits a thermogenic effect suggesting an important role for the PRLR in regulating UCP1 function.
Introduction
During late gestation, ovine fetal prolactin (PRL) secretion is maintained by a tonic stimulatory, rather than inhibitory, drive from the hypothalamus (Houghton et al. 1995 , McMillen et al. 2001 . Plasma PRL increases with gestational age and concentrations peak around the time of birth at between 20 and 150 ng/ml depending in part on the photoperiodic history of the fetus (Bassett et al. 1989 , Phillips et al. 1999 . PRL, acting through its receptors (PRLRs), has a diverse range of functions in the adult including the control of reproduction, lactation and wool growth (Goffin et al. 1999) . The role of PRL in the fetus and neonate has yet to be established. Both mRNA and protein for the PRLRs are highly abundant in fetal and neonatal brown adipose tissue (Symonds et al. 1998 , Bispham et al. 1999 . Growth of fetal fat occurs primarily over the second half of gestation when there is a marked rise in abundance of PRLR mRNA (Symonds et al. 1998) preceding the rise in the abundance of the brown adipose tissue-specific mitochondrial protein, uncoupling protein (UCP)1 (Clarke et al. 1997a) immediately after birth. Rapid activation of UCP1 in the newborn is critical in preventing hypothermia (Clarke et al. 1997c) . Previous studies in rats have shown that maternal administration of native PRL or a recombinant molecular mimic of phosphorylated PRL (S179D PRL) throughout gestation promotes brown adipose tissue development and function in the fetus (Yang et al. 2001 , Budge et al. 2002 . This effect is probably a result of the direct transfer of exogenous PRL from the mother to the fetus and suggests a stimulatory role for PRL in the maturation of brown fat. The extent to which comparable effects may be observed after birth in a species with a mature hypothalamic-pituitary axis is not known.
Over the first few weeks of life, UCP1 is lost as adipose tissue adopts the characteristics of white fat and the neonate has become reliant on shivering thermogenesis (Symonds et al. 1989 , Clarke et al. 1997b . It is not known whether this disappearance of UCP1 is accompanied by a parallel loss of PRLRs. The PRLR is expressed as both long and short varieties, which result from differential splicing of a single gene transcript (Bignon et al. 1997) . These splice variants differ in their intracellular signalling regions, but have identical extracellular domains. In addition, studies using antibodies directed against the specific intracellular region of each splice variant have been found to detect a number of proteolytically processed forms of each kind of receptor (Nevalainen et al. 1996 , Budge et al. 2000 . In this study, we have determined whether the postnatal loss of UCP1 is correlated with a tissue-specific parallel decline in PRLR abundance and whether loss of both forms of the PRLR are important in this regard.
Materials and Methods

Experimental design
Ontogeny of UCP1 and PRLR Nineteen Bluefaced Leicester Swaledale multiparous ewes of similar age, weight and body condition score were entered into the study. All ewes were fed to meet fully their requirements for both gestational age and fetal number. Perirenal adipose tissue (which constitutes 80% of adipose tissue in a newborn lamb) and livers were sampled from near term (145 days gestation; term=148 days) fetuses (n=4) and lambs born normally at term were sampled at 6 h (n=5), and at 7 (n=5) and 30 days (n=5) of life, following euthanasia.
Postnatal administration of PRL Weight-matched twin offspring of 24 Bluefaced Leicester Swaledale ewes that were all born normally at term were entered into the study. A summary of the animal numbers used, postnatal ages and protocol groups is given in Table 1 . Lamb pairs were randomised to inclusion in the acute or chronic studies. In the acute study, a lamb from each twin pair was randomly assigned to receive the pituitary extract PRL while its sibling received vehicle alone; pairs of lambs (n=7) were subjected to euthanasia 2 h after PRL or vehicle administration in order to enable tissue sampling. For the chronic study, one lamb from each twin pair was randomly assigned to receive the pituitary extract PRL, or S179D PRL, while its sibling received vehicle alone and tissue sampling was performed on day 7 (n=14). A further three twin pairs of 22-to 24-day-old lambs had either S179D or vehicle administered daily for 6 days followed by tissue sampling as outlined above.
Jugular vein catheters were inserted into each pair of lambs under local anaesthetic (2% xylocaine) to enable administration of a daily bolus of pituitary extract PRL, S179D or vehicle. Once daily, at around 0900 h immediately prior to hormone or vehicle administration, blood sampling was undertaken. Colonic temperature was recorded prior to the hormone or vehicle administration and serially throughout the acute study and on days 2 and 6 for the chronic study. Unmodified pituitary extract PRL (2 mg ovine PRL per day; n=15; Sigma) or S179D PRL (10 µg per day; n=6) were dissolved in 1 ml PBS, pH 7·4. The S179D PRL was prepared and characterised as previously described (Chen et al. 1998) . Briefly, this entails expression in Escherichia coli, purification of inclusion bodies, solubilization, refolding and bioassay for activity. During the course of more than 20 clearance analyses performed on adult rats, there was no evidence of pyrogenic activity. Clearances of unmodified PRL and S179D PRL are very similar (Yang et al. 2001) . Further confirmation that the pituitary extract PRL had no pyrogenic contaminants was obtained from the finding that it had no effect on colonic temperature when administered to juvenile sheep (n=10) at the same dose as adopted in the present study. All operative procedures and experimental protocols had the required Home Office approval as designated by the Animals (Scientific Procedures) Act (1986).
Protein analysis
Crude plasma membrane and mitochondrial fractions were separately prepared from 1 g of frozen adipose, hepatic or uterine tissue (Budge et al. 2000) . The protein content of each preparation was determined (Lowry et al. 1951) and UCP1 was detected in mitochondrial preparations following loading of equal amounts of protein and separation by SDS-PAGE using immunoblotting with enhanced chemiluminescence (ECL, Amersham). The antibody used was raised against purified ovine UCP1 (Schermer et al. 1996) . Densitometric analysis was performed on all membranes following image detection using a Fuji film LAS-1000 cooled charge-coupled device (CCD) camera (Fuji Photo Film Co. Ltd, Tokyo, Japan). All gels were run in duplicate and a reference sample (i.e. from either adipose or hepatic tissue of a 6-h-old sheep) included on each gel. Confirmation that equal amounts of protein were transferred from each gel to membrane prior to immunodetection was obtained by Ponceau red staining of all membranes (Bispham et al. 1999) . The thermogenic potential of mitochondria was also determined using [ 3 H]GDP (Symonds et al. 1992) . PRLR abundance in plasma membranes was detected on 6 µg protein, using immunoblotting as described above for UCP1, utilising polyclonal antibodies R122 and R133 (Nevalainen et al. 1996) that specifically recognise the distinct intracellular regions of the differentially spliced long and short forms of PRLR respectively (Bispham et al. 1999) . These antibodies detect a range of different molecular weight isoforms of each form of the PRLR which have been interpreted as representing altered extracellular domains of the receptor (Nevalainen et al. 1996 , Budge et al. 2000 . Specificity of binding was confirmed using non-inmmune rabbit serum. Using these antibodies, we have also found that some tissues (including the adrenal, brain, lung, mammary gland and placenta) only possess a single isoform of both the long and short form of PRLR (results not shown). This result suggests that the range of isoforms detected in adipose and hepatic tissue is not an artefact of tissue extraction but, in fact, indicates specifically processed forms.
Metabolite and hormone analysis
Plasma concentration of non-esterified fatty acids (NEFA) was measured enzymatically (Clarke et al. 1994 ) and plasma PRL was measured by RIA (McMillen et al. 1987 , Budge et al. 2003 . Briefly, all samples were assayed in duplicate following a 1:10 and 1:50 dilution using a rabbit anti-ovine prolactin primary antibody, iodinated ovine prolactin and goat anti-rabbit secondary antibody. The reagents used for the PRL assay, including iodination of PRL, were provided by Dr A F Parlow and the National Hormone and Pituitary Program of the National Institute of Diabetes and Digestive and Kidney Diseases (NIDDK). The intra-and inter-assay coefficients of variation were 3 and 9% (n=5) respectively.
Statistical analysis
All statistical evaluations were performed using SPSS 9·0 for Windows. Analysis of the effect of PRL on tissue measurements at each sampling age and differences with respect to developmental age were performed using the Mann-Whitney U test. Other analyses were carried out using the General Linear Model procedure with correction for repeated measures. Linear correlations between potentially independent variables were described by Spearman's rank correlation coefficient. All values presented are means with their standard errors.
Results
Postnatal ontogeny of PRLR abundance
There was a marked divergence in the abundance of each isoform of PRLRs between adipose and hepatic tissues, as illustrated in Figs 1 and 2. In perirenal adipose tissue, the most abundant isoforms for the long form of PRLR were detected at 15, 29 and 60 kDa compared with 45 and 51 kDa for the short form (Fig. 1) . For the liver, distinct isoforms for the long form of PRLR were present at 52 and 63 kDa compared with 35 and 40 kDa for the short form of PRLR. Within adipose tissue, the amounts of all forms of PRLRs decreased between postnatal ages 0·3 and 30 days; whereas in the liver, the long form remained largely unchanged and the short form increased (Fig. 2) . These major changes in abundance additionally attest to the specificity of staining during the immunoblotting procedure. Furthermore, these adaptations occurred despite no change in total plasma membrane protein in adipose tissue with postnatal age (data not shown). Therefore, although there is an increase in adipocyte volume with age, in line with the increase in total fat mass, total membrane protein remains constant. Taken together these results indicate that the loss of PRLR with age in adipose tissue does not merely reflect a loss of adipocyte protein but is a real adaptation. There was a small decrease in plasma PRL between 144-days gestation and 6 h after birth followed by a return to previous levels at 4 days of age and no further change through one month of age (144-days gestation, 49·6 0·6 ng/ml; 6 h, 41·5 0·3 ng/ml; 4 days, 49·4 1·7 ng/ml; 30 days, 50·4 1·4 ng/ml; (144 days vs 6 h, 6 h vs 4 days, P<0·05)).
Adipose tissue When all time points were considered, the abundance of all isoforms of the long and short forms of PRLR significantly increased (P<0·05) after 144-days gestation to peak within 6 h (0·3-days postnatal age) after birth and then declined up to 30 days of age (Fig. 1) . This transition was accompanied by a loss of UCP1 by 30 days (Fig. 3) and an increase in the weight of perirenal adipose tissue (6 h, 20·9 5·5 g; 30 days, 158·3 13·4 g; P<0·01). Throughout the study period, the abundance of UCP1 and each isoform of both the long and short forms of PRLR were positively correlated (r 2 , 0·78-0·94; P<0·01).
Hepatic tissue
The abundance of all isoforms of the short form of PRLR declined between 144-days gestation and 6 h after birth. The decline in PRLR between 144-days gestation and 6 h after birth was significant with respect to the 40 kDa isoform (Fig. 2b) , but not the 35 kDa isoform, and, thereafter, the abundance of the short form of PRLR increased to one month of age. A similar postnatal reduction was observed with respect to the long form of PRLR although in this case these changes were only significant for the 52 kDa isoforms (Fig. 2a) , with the abundance of the long form of PRLR remaining unchanged up to one month of age. Liver weight remained unchanged between 144-days gestation and 7 days after birth before doubling by one month of age (144-days gestation, 102·0 10·7 g; 30 days, 209·1 10·3 g; P<0·001).
Effect of PRL on thermoregulation and brown adipose tissue function
Following acute administration of unmodified pituitary extract PRL to 1-day-old sheep, a significant increase in colonic temperature occurred that peaked at 40-60 min post PRL administration (P<0·05) and was not observed in controls (Fig. 4) . Shivering was not observed in any lambs over this time period. There was no difference in Figure 1 Ontogeny of PRLR abundance in adipose tissue in the near-term fetus and postnatal sheep. Mean densitometric analysis for (a) the long form of PRLR with specific isoforms at 15, 29 and 60 kDa, and (b) the short form of PRLR with specific isoforms at 45 and 51 kDa between 144-days gestation (144g) and 30 days after birth in perirenal adipose tissue in sheep. An example of a CCD camera image showing abundance of long and short forms of PRLR shortly after birth and at 30 days of age is included. Identical amounts of protein (i.e. 6 g) were loaded onto the gel for all samples. Values are means + S.E. and are expressed as a percentage of a reference sample included on all gels, n=4-5 per time point. Significant changes with age are indicated by identical lower-case letters: a, b or c, P<0·05.
UCP1 abundance or thermogenic potential between groups (Table 2) . PRL-administered lambs showed a greater rise in plasma NEFA when measured in samples taken immediately prior to PRL injection and 2 h after PRL administration (control, 0·13 0·01; PRL, 0·51 0·12 mmol/l; P<0·05).
The dose of unmodified pituitary extract PRL used in our chronic study resulted in a threefold increase in PRL (pre-PRL, 47·6 0·6 ng/ml; post-PRL, 240·5 3·5 ng/ ml; P<0·001) that was maintained over the 6-day duration. Administration of S179D PRL resulted in an acute rise in colonic temperature at both 2 and 6 days of age (Fig.  5) . Following repeated administration of pituitary extract PRL, the normal decline in colonic temperature between 1 and 2 days of age was delayed (Fig. 6) . After this time, temperature was similar between groups. On day 7, although there was no difference in UCP1 abundance between PRL-administered groups, its thermogenic potential was higher in lambs receiving PRL (Table 2 ).
Both mixed PRL and S179D PRL caused a persistent increase in plasma NEFA, although this was only statistically significant on day 4, irrespective of whether lambs were given PRL or S179D PRL (control, 0·24 0·33; PRL, 1·87 0·30 mmol/l; P<0·05).
In the older sheep, which had S179D PRL administered from 22 days of age, there was no change in colonic temperature in response to PRL (pre-S179D PRL, 39·01 0·72 C; post-S179D PRL, 39·21 0·60 C). UCP1 was undetectable in mitochondria prepared from these animals and the thermogenic potential (15·1 1 pmol per mg of mitochondrial protein) and plasma NEFA (0·12 0·01 mmol/l) remained low and were similar to vehicle-injected controls. In addition to demonstrating the effect of age on the thermogenic response to PRL, these experiments demonstrate that the newborn thermogenic response was very unlikely to be a pyrogenic one, especially since pyrogenic responses increase with age (Coceani et al. 1995) . 
Discussion
Our major findings are that the disappearance of UCP1 from adipose tissue after birth is very closely correlated with loss of both forms of the PRLR. This postnatal adaptation appears to be specific to brown adipose tissue, as there is little change after birth in the abundance of the PRLR in the liver, a tissue that does not possess any mitochondrial UCPs (Arsenijevic et al. 2000) . Furthermore, we have shown that administration of either pituitary extract PRL containing a mixture of posttranslationally modified forms or its pseudophosphorylated form (S179D PRL) can elicit a thermogenic effect in neonatal sheep at a time when UCP1 abundance is near maximal.
The differential postnatal ontogeny of the PRLR between adipose and hepatic tissue
The finding of a range of different isoforms for the PRLR in adipose tissue and in the liver is in accord with similar findings in the growing fetus (Budge et al. 2000) . It is also in agreement with other studies in the bovine species in which the abundance of different isoforms of the PRLR has been found to vary greatly between tissues ). Whether one, or more, isoforms of each form of the PRLR may have a preferential role in regulating tissue metabolism and, in particular, mitochondrial function remains to be elucidated but the parallel changes in all forms suggest that it is the overall level of receptor that is crucial and not processing to one particular form. Interestingly, the peak in PRLRs immediately following parturition appears to be specific to brown adipose tissue since, in the liver, PRLR abundance was higher immediately before, compared with after, birth. Although PRL has the potential to promote UCP1 abundance in the late-gestational fetus and neonate (Budge et al. 2002) , a reduction in plasma hormone concentrations (other than PRL), may also act to promote the loss of both PRLR and UCP1 in the postnatal sheep, as there was only a modest fluctuation in plasma PRL at this time.
The phosphorylation of PRL and its biological activity
One critical factor in determining the thermogenic effect of PRL appears to be the amount of phosphorylated PRL rather than the total amount of PRL, as the same magnitude of effect was observed using 2 mg of mixed PRL and 10 µg of the S179D form. Pituitary extract PRL (2 mg) administered once per day resulted in an increase in plasma PRL equivalent to that reported under long-day conditions (Bassett et al. 1989 , Taylor et al. 2000 , but the amount of PRL used in the present study was probably in excess of need. It is unlikely, therefore, that S179D PRL is 200-fold the potency of pituitary extract PRL. S179D PRL and naturally phosphorylated PRL have, however, been shown to be several-fold more potent than unmodified and mixed PRL for some activities (Wang & Walker 1993 , Chen et al. 1998 . Based on dosage and clearance studies in rats (Yang et al. 2001) and the concentration of endogenous PRL in the lambs, it is estimated that the S179D PRL was at least 5 times more potent than the pituitary extract PRL. Two-dimensional gel analysis of ovine pituitary PRL has shown the presence of all forms of the hormone and ashing analysis has found some preparations to contain as much as 20% phosphorylated PRL (Arumburo et al. 1992) .
Although S179D PRL has been shown to be an antagonist to the growth-promoting effects of unmodified PRL (Chen et al. 1998 , it can act as a super agonist in regard to tissue-specific PRL-regulated activities (e.g. Kuo et al. 2002 . The effect of S179D PRL in brown adipose tissue is, therefore, consistent with promotion of tissue-specific activities unrelated to growth. This may explain why S179D PRL, but not the native hormone, elicited a thermogenic effect at both 2 and 6 days after birth. An acute thermoregulatory response to PRL was observed in the absence of an increase in the amount or thermogenic potential of UCP1. It was not, however, accompanied by any occurrence of shivering which is indicative of improved thermal efficiency that would enable a rise in body temperature (Clarke et al. 1996) . With prolonged exposure to either pituitary extract PRL or S179D PRL, an increase in lipolysis occurred in conjunction with a rise in the thermogenic potential of UCP1. These adaptations occurred over the period in which plasma NEFA and UCP1 abundance normally decline (Clarke et al. 1997b) , thereby indicating that PRL is able to delay these responses. In sheep, which lose UCP1 soon after birth (Clarke et al. 1997b) , the presence of large amounts of functional brown adipose tissue in the perinatal period determines the animal's sensitivity to PRL as no effect on colonic temperature or UCP1 function was found in older lambs.
Developmental effects of PRL on brown adipose tissue function
The appearance of a refractory period to further endocrine stimulation with PRL in the chronic PRL study is in accord with the effect of exogenous leptin, which likewise only promotes body temperature over the first 2 days after birth . It is possible that the loss of responsiveness after the second day of life may be related in part to the decrease in plasma catecholamines and parallel decline in -adrenergic adrenoreceptors (Casteilla et al. 1994) . In contrast to the previously described effects of leptin , whose receptor is also a member of the class I cytokine superfamily, PRL had no effect on promoting the loss of UCP1 over the first week of life. In view of the parallel loss of PRLR and UCP1, it appears that factors regulating PRLR abundance may be important in determining the transition of adipose tissue from brown to white characteristics. An ability to delay this adaptation could have a beneficial role in preventing excess adipose tissue deposition in later life since transgenic mice lacking UCP1 subsequently go on to develop obesity (Lowell et al. 1993) . Postnatal stimulation of PRLR abundance could be used to retain UCP1 as, for example, enhanced abundance of the long form of PRLR and UCP1 have been found in the fetus following augmented maternal nutrition in late gestation (Budge et al. 2000) .
In conclusion, we have demonstrated a close relationship between the tissue-specific ontogeny of UCP and the PRLR. At the same time, PRL, and particularly the molecular mimic of phosphorylated PRL, can act as a thermogenic hormone over the first few days of postnatal life, during which time there is a very close relationship between the loss of UCP1 from brown adipose tissue and ontogenic changes in PRLRs. Taken together, our findings suggest a potential role for PRL and the PRLR in the regulation of UCP expression and function. 
